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Abstract
The noise figure of a microwave beam amplifier has a lower limit that depends
entirely upon the noise process in the electron gun at and near the potential minimum.
This report is chiefly concerned with the theory and experimental results of a new
method of measuring the noise parameters of the electron beam, especially the cor-
relation between its velocity and current fluctuations, by using a selective beam
coupler that has properties similar to the conventional microwave directional cou-
pler. The value of the correlation coefficient of the velocity and current fluctuations
was found to be from 0. 2 to 0. 35 in the space-charge-limited region and zero, or
slightly negative, in the temperature-limited region. The probable error of this meas-
uring method is discussed by taking account of the residual selectivity of the selective
beam coupler, the effect of the pickup cavities upon the beam, the thermal noise from
these cavities, and the higher-order modes.

I. INTRODUCTION
From recent theoretical work the conclusion can be drawn that the noise figure of a
microwave beam amplifier has a lower limit that depends entirely upon the noise proc-
ess in the electron gun at and around the potential minimum (1, Z, 3, 4). No exact theo-
retical solution for the noise process at the potential minimum is now available.
Therefore, the exact value of the critical noise parameter that determines the lower
limit of the noise figure is unknown.
All of the present theories have been based on plausible assumptions, which, never-
theless, raise the question of their applicability to practical cases. The present paper
is concerned with a method of measurement that yields independent sets of data for the
critical noise parameter, and will thus provide not only checkpoints for the accuracy
of the measurement, but also give an indication of the validity of the theory.
In the notation of Haus and Robinson (3), the lower limit of the noise figure of a
microwave beam amplifier is given by
Fmin = k 1 +/G)(SII)(1)
where T is the temperature of the circuit, G is the available gain of the amplifier, and
(S-il) is the critical noise parameter determined entirely by the noise process at the
potential minimum. Both S and II are independently measurable. The value of S is
given by a measurement of the noise-current standing wave in a drift tube as
4Tr f S2 =y2 i Z I i 12 (2)
o max min
where iimax 2 and |imin are the mean-square amplitudes of the noise current in the
electron beam within the frequency band Af at the maximum and minimum of the standing
wave, respectively. Y is the characteristic admittance of the beam,
I q
- (3)
Yo 2V (3)o Z
e
where I and VO are the time-average current and voltage of the electron beam in the
drift region, Xq is the reduced plasma wavelength, and ke is the electronic wavelength.
All the quantities on the right-hand side of Eq. 2 are either measurable or derivable
from measured quantities. Thus, for example, a standing-wave measurement by means
of a cavity that slides along the electron beam and registers the noise current in the
electron beam can yield a value of S (5, 6, 7) through Eq. 2. The quantity II is much
harder to measure. Two methods for the measurement of the ratio II/S have been
devised and preliminary measurements based on them have been made (7, 8). In both
of these methods the determination of II/S involves a knowledge of S. This paper is
chiefly concerned with the measurement of the ratio II/S independently of S. If we
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combine the measurement of II/S with a measurement of S, the critical noise param-
eter S - II can be found.
The selective beam coupler devised for the measurement of II/S picks up either the
noise carried in the fast-beam wave, or the noise in the slow wave. The value of II/S
can be derived from the ratio of two outputs of the selective beam coupler.
2
II. PRINCIPLE OF THE SELECTIVE BEAM COUPLER
In terms of the normalized amplitudes al1 and a 2 of the fast and slow waves in an
electron beam, the rf kinetic voltage and rf current in the electron beam can be written
as (3)
V =/2z(al e q - a e ) e (4)(4)
i =i(ae 1 a e + a e
where q is the reduced plasma propagation constant, e is the electronic propa-
gation constant, pe = /vo and Yo = 1/Zo is the characteristic admittance of the
beam.
The selective coupler consists of two cavities, separated by a distance Az, as
shown in Fig. 1. The noise current picked up by the second cavity comes partly from
the noise in the beam in the absence of the first cavity, and partly from a twofold effect
of the first cavity: The first cavity affects
the fields in the beam by its mere pres-
CAVITY
ence, and the thermal noise in the first
NO. I NO.2 cavity produces a voltage across its gap
and modulates the electron beam. If we
neglect the thermal-noise voltage pro-
duced across the gap of the first cavity,
we can represent the effect of the first
cavity (provided its gap is sufficiently
r-aZ -I short) as a series impedance in the equiva-
lent transmission line of the electron beam,
as shown in Fig. 2. Let I 1 and 12 be the
Fig. 1. Two pickup cavities separated output currents of cavities 1 and 2. (Here-
by distance Az. after, it is assumed that both cavities are
identical; the general case is treated in
Appendix I.) These output currents are related to the beam current by a proportion-
ality constant K.
J.(iBPq eqz 1 qZ 1) j eZ1I= K(aI e + a e q e
12 = K{a 1e q (e j - jZ sin qA) (5)
Zi A -j Z 1
+ ai e (e - j z - j sin p q Az) j i e nr z
where Z is the gap shunt impedance of the first cavity normalized with respect to the
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Fig. 2. Equivalent circuit of the pickup
cavities, as seen from the beam.
output. currents can be given, if we neglect the
beam impedance; we assume that Z < 1,
because this choice of Z is convenient
for several reasons which will be dis-
cussed later.
The currents of cavities 1 and 2
are added in a hybrid Tee junction.
Phase-shifters and attenuators placed
in the output lines of cavities 1 and 2
introduce phase shifts, -~b1 and 2 , and
losses, L 1 and L 2 . The sum of the two
total phase shift -T by
It =L 1 I le
- j +L 2 I 2
where = 1 - q 2' For case a: for the total current Ita, we obtain
Ita K e a l[a 1e Pq {L ( 1 -(I-Z) L2} + a e + (+Z) L2} e
With a proper adjustment of the loss in the attenuators, Lla = (-Z)L 2a, we have
I KL a - (Pe+3q)Z1
Ita =KL2ae 2a 2 e
(6)
(7)
(8)
Similarly, for case b: with the choice Llb = (I+Z) Lzb, we obtain
Itb = K L2be 2al e (9)
In actual measurements, it can be taken that La = 1. 0 and Llb = 1. 0, and therefore
Lla = 1 - Z and L2b = 1/1 + Z. Since it is assumed here that Z < 1, Lla and Lb are
less than unity and thus they signify attenuation.
Equations 8 and 9 show that in case a it is possible to pick up only the slow-wave
component of the beam current, and only the fast-wave component in case b. This is
the principle of operation of the conventional microwave directional coupler. Our
device resembles such a coupler. When the value of Z is known (a method of obtaining
it will be described later), we can obtain the ratio a2 12 /a 1 |2 directly from the meas-
ured value of Ita 2 / Itb 2.
We denote by al and a2 the normalized amplitudes of the fast and slow waves of the
beam noise. The values of the noise quantities S and 1 are related to averages of a 1
and a 2 as follows:
S = -' I[1 + j221 - 41ala2}
2.]Z
(10)
( 1)
4
_
The bars denote ensemble averages and the stars denote complex-conjugate values.
The ratio of the maximum to the minimum of the mean-square beam current p is given
by
1 + a212/1a 1 + Z laa*l/1- 2
pZ - (l)
P (12)
1+ 1 a-z2 / 1 2- a a/a 1 2
Hence
1 -1a-12/1a12
_n: (13)
s zp/( + p2 ) 1 + alZ/lal z
The ratio a1l2/a11 z is known from the measured value of 1Ital1 2/ I , as before.
Therefore I/S can be obtained independently of the absolute value of S, once the value
2.p is known.
The value of p can be determined as follows. The two cavities are separated by
the distance Az = r/q (= kq/2, where Xq is the plasma wavelength of the beam). Fur-
thermore, is adjusted to the value 4ic = r + hz. The following equation is easily
obtained from Eqs. 5 and 6.
It c = L e + 12 = Ke (l+Lc) ale +a 2 e q e (14)
It should be noted that Eq. 16 does not contain the impedance of the first cavity. This
is an indication that the presence of the first cavity has no effect upon the measurement.
When we move both cavities together along the beam, a periodical variation of I Itc is
obtained. The ratio of the maximum to the minimum of I Itc 2 gives the value of p
According to Eqs. 8 and 9, the selectivity of the selective beam coupler is infinite.
In practice, the selectivity will be finite, if the adjustment of the coupler is faulty, or,
as will be seen later, because of the finite bandwidth of the pickup cavities. We shall
now discuss a method of eliminating
the effect of a finite selectivity of the
coupler.
We denote by aa the fractional
response of the selective coupler to the
fast wave in case a (in which the coupler
should respond to the slow wave). In
Zn case b the coupler should respond only
to the fast wave. We denote by ab the
Fig. 3. Standing-wave patterns of output
currents, I ta 12 and I 'tb 12, along fractional response to the slow wave.
the beam. Then the total currents Ita and Itb can
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be expressed as (see Fig. 3)
ita2 =K {la 2 I + I 2 2 + 2 aa 1al2 COS(2PqZi - i)} l (15)
II tb = K { a 12 + 1ab12 a2 1 + 2labl lalzl coS(2qZl 2)} J
Since a is usually much less than 1, a is negligibly small; nevertheless a may be
important. In order to eliminate the effect of the residual lack of selectivity, we do not
record Ita and Itb at single positions of the cavities. Instead, we move both cavities
along the beam. Equation 15 shows that an average of the readings taken over one-half
of a space-charge wavelength will eliminate the contributions to Ita and Itb covered by
the residual lack of selectivity. These average values of I taI2 and Itb l2 are given by
mialnean = K laa l2 lal + la 2 }ta m 1 I 1 + I1 1 1 (
(16)
II 1 e K {ll 2 + la 2 laZ2}
Since aal2 and Ilab are very small, Eqs. 16 give an accurate indication of the wave
amplitudes.
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III. CHARACTERISTICS OF SELECTIVE BEAM COUPLER
3. 1 FREQUENCY CHARACTERISTICS OF THE SELECTIVE BEAM COUPLER
Our investigation thus far has been confined to measurements over a very small
frequency band, so that the frequency dependence of the cavity impedances can be neg-
lected. We shall now derive the general characteristics of the selective beam coupler
by taking into account the frequency
dependence of the cavity impedances.CAVITY
NO.I NO.2 The equivalent circuit of the selective
Yw Yw h-,r ..l-1 1 4 .,- 4,. ir 4, A IXTz
LUICILL L.UU.LL d1 iJLUWWAVVII L11 ' . . .-. VV c
assume, as before, that cavities 1 and
Z are identical, because this case is the
most important.
The output current I is related to
the beahm currnt i at the canvitv ans
/G \
I = M- Li (17)
Fig. 4. Equivalent circuit of the two pick- Yt
up cavities, with all of the circuit
parameters taken into account. where GL and Yt are the load conduct-
ance and total admittance of the cavity,
.as seen at the gap, and M is the gap-coupling coefficient. The frequency dependence
of the cavity admittance Yt in the vicinity of resonance is given by
Yt = Gt(l +x)
o - (18)
x = ZQ L
0
where Gt is the total conductance of the cavity, QL is the loaded Q of the cavity, is
the variable angular frequency, and wo is the resonant angular frequency of the cavity.
The normalized series impedance Z that expresses the effect of the first cavity
upon the beam is given by
Z = M( =1 r (19)(Yt) I + jx
where r(=Yo M/Gt) is the normalized resistance of the cavities, as seen from the beam,
at the resonant frequency of the cavity.
By using Eqs. 17, 18, and 19, the general output currents Ita and Itb, corre-
sponding to Eqs. 8 and 9, can be obtained.
For case a: p3 hz = /Z, a = r/2 + PeAZ. With the choice of Ll = (l-r) LZa,
we have
7
/Z(Gt ) 1 j{ ( -jx
ta = Y (M0 Za, \Gt 1 jx 1 + jx
+ 2 j az e
1 + jx
e (20)
For case b: qAz = r/2, b = -r/2 + PeAz. With the choice of Llb = (l+r) Lzb,
we have
GL 1
Itb o (ML2b)G 1 l+jx
+ )a 2 e3z} e
+jx 2
+ aI e
jpez (21)
Note that at x = 0 (at resonance of both cavities), Eqs. 20 and 21 reduce to Eqs. 8 and
9, respectively. The selectivity of the selective coupler is infinite at resonance, but
off resonance the selectivity becomes finite because of the frequency dependence of the
cavity impedances.
In order to obtain good sensitivity, we have to measure the noise output of the
cavities over as large a frequency band as possible, i. e., the bandwidth of the cavity.
Thus, the measuring device integrates the square of Eqs. 2 and 21 over the cavity band-
width. Assuming that the detector bandwidth is wide compared with the cavity band-
width (the effect of the finite bandwidth of the detector is discussed in Appendix III),
we obtain directly
z Ita 
X cos(2P qZ + )}
Z IItb 1 = f
C = 32r 2
1,
2
X COS(2PqZ 1 + )}
(MLa, ) ( L Y
where r is the normalized series resistance at the resonant frequency of both cavities,
and hence expresses the effect of the first cavity upon the beam, and Al, A2 , and A 1 2
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KbIt 2r r r r r( Z (1 )A12 (2Z2)
· · jPqzI
18 A 1 r 8 ) r\, 2 1
are the parameters defined by Haus and Robinson (3). The relations among the a's and
A's can be expressed as
laI z12
A =2 4Tr IA1 = ,. 
lala2
12 4 r r = arg A 1 2 ,
HI= A 2 -A 1
= (A +A2) -4A 1 2 A 2 }1/21 2 1 12
(23)
If we take the average values of Eq. 23, then we obtain
IIta mean 1 2' +
IItbImear r
ltb I mean = C 2 ) I
r 2 1
8 2 Al +
r r1 + 2 8
2
+ r 1
Al8 2
1+ + r2 8
Am
(24)
A2}
By comparing Eqs. 24 with Eqs. 15, we can see that the selectivities which are finite,
as expected from Eqs. 20 and 21, are given by
10 log 1 0 laa
10 log1 0 laa
2 = 10 log 1 0
2 = 10 log 1 0
2
r
r r
2
r
2
8 1 + r + r
(25)
The selectivity of the selective beam coupler deteriorates as the real part of the norma-
lized series impedance, r, produced by the first cavity, increases. Therefore r must
be kept reasonably small (r < 1).
In our discussion we have neglected the frequency dependence of the propagation
constant of the electron beam e(=w/vo), because the Q's of the pickup cavities are
usually so high that the frequency dependence of e is negligibly small compared with
that of the cavity impedances.
3.2 THERMAL NOISE FROM THE CAVITY
Thus far we have neglected the thermal noise from cavities 1 and 2. Thermal noise
from cavity 1 is troublesome, because a part of it is transmitted by the electron beam.
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Fig. 5. Thermal-noise currents from Fig. 6. Equivalent circuit for thermal
the pickup cavities. noise from the first cavity.
This component of the thermal noise is correlated at the Tee junction with the noise
coming directly from cavity 1. A correlation of this kind can give rise to a false reading.
The following sources of thermal noise must be distinguished (see Fig. 5).
1
The noise current IN1: from the thermal noise of cavity 1, at its output.
The noise current IN1: from the thermal noise of cavity 1, transmitted by the beam
and passed through the output line of cavity 2.
The noise current IN2: from the thermal noise of cavity 2.
Then, the total noise current ItN can be given as
1 j0 1 2 j0 2 jo 3ItN =IN1 e + IN1 e + INZ e (26)
where, 01, 02, and 03 are phase angles of IN1 IN1, and I respectively. Since the
1 2 N N N'
noise currents IN1 and IN1 from cavity 1 are perfectly correlated, and IN2 is not cor-
related with the other currents, the following equation can be obtained:
tN = I NNo I Z + I I1 cos( - Y + I I 2 (27)I-I 2 I[No2 + I2 12 + 2INoIN cos(01 02) + N2 (27)
where the first and last terms indicate the thermal-noise currents that exist even when
the electron beam is absent. These two terms are balanced out by the receiving radi-
ometer (6, 7).
We shall now calculate the second and third terms of Eq. 27. The equivalent circuit
of the noise sources of cavity 1 is shown in Fig. 6.
II 2 ML_) _ L Y r 8 kT ( 8)IN1 = (ML2a)2 G Y0 ( + 2 2 8 kT (28)
For case a: (Pq Az = /2, a = r/2 + ez and Lla= (l-r) L2a)
2
2IlNIN1 Icos(01 - 2 )=-2(ML 2(GL) 2 8kT (29)
NN (Ix2)2
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For case b: (3qAz = /2, b = -Tr/2 + PeAZ and Lb = (l+r)L2 )
2j hINii os(01 - 02) = 2 (MLb) 2 ( G 
Nli N Zb)Zt7
l+r1 + r 8 kT
o (1 + z)z
After integrating the noise terms IN1 2 and 2 IN1I2 | cos(0 1 - 02) from minus
infinity to plus infinity with respect to x, we add them to Eq. 24, and then the final
equations for Ita 2 ean and I tb 2 are obtained:tamean tbImean 
1 2 8E mean |1 2- = C ( +)Z Al + A2
2r r
-1 - (+TT
1 r kT l
r 
m
I I tb ] 2mea= C (1r +r _
A1 +rt8
1 A
Z A21 +r r
2 8
Z1 3+ 2 r r kT)
I++ 8
(31)
The last terms of Eqs. 31 indicate the effect of the thermal noise from the first cavity
upon the output currents. It should be noted that the factor preceding (kT/2Zr) is of the
same order of magnitude as the factor preceding A2 , for case a, or A 1, for case b,
with the assumption that r << 1. In other words, the effect of the thermal noise does not
vary appreciably, whether the cavities are tightly coupled with the beam (r is reasonably
large), or loosely coupled (r is small). But the selectivity of the selective coupler
decreases in proportion to r.
Substituting II = A 1 - A2 in Eq. 31, we obtain
K [ i __ta ](A2ap nt 21 lIt I mean = t
\ l/apparent K1 AItb [ A (n l/trueI ~IIbImean
1 r(i-t-
(1 rr2)
1+ r + 
8(1 r22Y ) (A2 1)
2 A 2 /( + 31 + r 3r)
8 (1 (1+8r I r r8 l 8Z ( 8+ Z 
Al H
(32)
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(30)
____ 
I_
where K 2 /K 1 is given as
2
K L + r2 L2 2 8
1 \ 2a1 r r1 -2+ -
and, from actual measurements, we have (LZa (lr 2 . Since all the quantities on
the right-hand side of Eq. 32 are either measurable or derivable from measured quan-
A
tities, we can compute the true value of A2. Usually, this compensation term is small,
less than 15 per cent, as shown in Section VI.
Although Eq. 31 is a solution for the special case in which the two cavities are
identical and the bandwidth of the detector circuit is wide compared with cavity band-
width, it can be shown (Appendix I, II, III) that in the more general case
ZI taimean =K1{Ia 2 A1 + A2 -(kT
(33)
ZItbl mean =K 2 {A 2 + labI A 2 +Pb( kT)}
where aaI and lab are the inverses of the selectivity of the selective beam coupler
because of the frequency dependences of the cavity impedances and the finite bandwidth
of the detector circuit, and a and Pb are the factors that show the effect of the thermal
noise from the first cavity.
In the measurements of S, in which the two cavities are one-half of a plasma wave-
length apart, the thermal noise from the first cavity does not affect the measurement.
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IV. MEASURING EQUIPMENT
The diagram of the measuring equipment is illustrated in Fig. 7. Two movable
cavities were designed to have a sufficiently high RsM 2 /Q (where R s is the shunt resist-
ance of the cavity at the gap, Qo is the unloaded Q of the cavity, and M is the product
of geometric and transit-time beam-coupling coefficients). The amount of noise picked
up by the cavities is directly proportional to this factor. The two cavities were adjusted
so that they had approximately the characteristics shown in Table I. These cavities
were movable along the electron beam over a distance of approximately 20 cm.
The outputs of the pickup cavities were added in the Magic Tee after the appropriate
phase shifts and attenuations that are required by the theory of measurement. The out-
put of the H-branch of the Magic Tee was fed to the radiometer. In this device the noise
power is modulated at 30 cps before it enters the microwave receiver. The output of
the receiver was then fed to a 30-cps lock-in amplifier in which the modulated noise was
synchronously detected.
The microwave receiver consisted of a balanced mixer that feeds a 30-mc low-noise
i-f amplifier with a bandwidth of 6. 5 mc. The operating noise figure of the receiver
was 9.5 db. The ferrite isolator at the input of the receiver was used to prevent any
reflected local-oscillator power from being modulated at 30 cps.
During all the measurements, the output of the radiometer was kept at ten times the
value of the inherent fluctuations of the measuring system. By using this procedure
for estimating the sensitivity of the radiometer, it was found that a noise power of
Fig. 7. Diagram of measuring system.
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Table I. Characteristics of Pickup Cavities.
R
5
Qo
Qo
f
0
130
2200
500
0. 49
3080 mc ± 10 kc
Measured by perturbation techniques with a steel ball of 0. 016 inch diameter.
For a 500-volt beam of 0. 040 inch diameter. The cavity hole had a diameter
of 0. 080 inch and a gap length of 0. 031 inch.
25 db below shot noise of the parallel-flow gun (V = 500 v, I = 350 pa), and of the
RCA low-noise gun (V = 500 v, I = 260 La) could be detected.
o
The noise measurement was performed by moving the cavities along the beam auto-
matically. The cavity pickups were fed to the radiometer through a variable precision
attenuator. While the cavities were moving along the electron beam the radiometer
output was kept constant with the aid of continuous manual adjustments of the precision
It
's:- t
- 0o, ,
.i .... ...
Fig. 8. Photograph of the electron-gun holder with RCA low-noise gun,
excited cavity, and two pickup cavities.
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Fig. 9. Photograph of whole measuring system.
attenuator. The attenuator adjustments were simultaneously transmitted to an Esterline-
Angus ammeter-recorder that plotted the variation of the electron-beam noise along
the length of the beam.
The selective beam coupler was calibrated with the aid of a signal-excited cavity.
This cavity was excited by either an FM signal generator or a cw magnetron noise
source; thus the beam was modulated in a known way. The signal-excited cavity was
fixed near the electron gun and was provided with a tuning-rod mechanism so that it
could be detuned during the noise measurements. This cavity was made as small as
possible so as to achieve a very low Q, approximately 60 at 3080 mc. The FM signal
was fed to the excited cavity and the outputs of the two pickup cavities could be observed
through the waveguide circuit and receiver on an oscilloscope. The cw magnetron,
operating with a low plate voltage, generated a reasonably high-level noise. In our case
the half-power bandwidth of this noise was 8. 5 mc, as measured with the spectrum
analyzer shown in Fig. 8.
In Fig. 8, from left to right, pictures of the large end plate, gun parts, excited
cavity, two pickup cavities, and the small end plate are shown. Figure 9 shows a pic-
ture of the whole measuring system: from right to left, vacuum chamber with magnetic
coil, cavity-driving mechanism, waveguide circuit, variable precision attenuator, modu-
lator, and microwave receiver.
15
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V. MEASURING PROCEDURE
The measuring procedure performed with this system can be divided into two parts;
calibration of the selective beam coupler, and noise measurement.
5. 1 METHOD OF CALIBRATION
Two methods of calibration can be used. One method employs a signal generator
with a single frequency output. The other method employs an external white noise.
a. Sine-Wave Calibration
1. A sine-wave signal is fed into the excited cavity O. Its frequency is adjusted so
that it is the same as the resonant frequency of cavities 1 and 2, and its input-signal
level is reasonably higher than the noise level. Note that excitation of an electron beam
by a short cavity gap leads to a perfect standing wave of current in the beam, and thus
gives al = a 2 1- 2
2. Cavity 1 is moved along the beam. The standing-wave ratio p and the plasma
wavelength are measured.
3. Cavity 1 is fixed at the position of a current minimum where it does not have
any effect on the beam. Then, cavity 2 alone is moved along the beam and the standing-
wave ratio is measured.
4. The distance between cavities 1 and 2 is made equal to X q/2, and the attenuator
and the phase shifter in the output line of cavity 1 are adjusted, until the output of
the E-branch of the Magic Tee becomes zero. Then we can obtain the condition
kC = r + Pe^z and Lc = 1. Lc and c are standards of adjustment for the following
measurements.
5. The distance between the two cavities is made equal to X q/4, and the phase shift
is made equal to 'ia = c/2 for case a, or b = c/2 + ar/2 for case b. Then the attenu-
ators in the output line of cavities 1 and 2 are adjusted to make the directivity of the
selective beam coupler maximum. This is verified by observing the fluctuations of the
output from the H-branch of.the Magic Tee when the two cavities are moving together
along the beam. The readings of the attenuator value, La and Lb, determine the value
of r, since Ita and Itb with x << 1, are given as
Ita J2_ (ML2a) Gt) {-- a e + a2 e e GL\ 2 I-jx\ r) qZ1 -j qZ1} e]PeZl
for Lla = (l-r)L2a
(34)
(GL 2 jpqZ (ix \ J jPeZl
Itb =O/Z(M Lb ) e + _r e tb : =(ML b) 1 + jx ae r e
for Llb = (+r)LZb
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Note that the value of r does not have to be known, only the positions of the attenuator
corresponding to L a and L b are required, unless the factor K1/K in Eq. 32 is calcu-
lated by using the value of r (see section 5. c).
6. Under the conditions just described, the frequency characteristic of this equip-
ment is obtained by varying the signal frequency. The signal level must be kept constant
and the excited cavity must be tuned at each frequency, unless its Q is much lower than
that of the pickup cavities, so that the excitation of the beam will be kept constant over
the measured frequency range. Then, by integrating graphically the outputs I ta 12 and
IItb mean, obtained for each frequency with respect to , the value of K 1 /K 2 in Eq. 32
can be obtained from
Itaj n K,(1 +a2) K
K (35)
E itb mean K (i + aba 2
2 2
The error caused by omitting a and ab is usually negligibly small compared with other
errors.
b. White-Noise Calibration
This calibration method employs a white-noise source amplified to a level suf-
ficiently larger than the beam noise and thermal noise. Since the white noise has a
continuous-frequency spectrum, this method is more direct compared with the point-
by-point method in the sine-wave calibration. In this case the Q of the excited cavity
O should be much lower (say, one-tenth) than the Q's of the other measuring equipment,
including the pickup cavities. When the external noise is not perfect white noise, but
has some frequency characteristics (which was the case in our measurement), some
error must be expected (see Section V). The calibration procedure is similar to that
in the sine-wave calibration.
c. Calculation from the Values of the Circuit Parameters
The third method of determining the factor K 1 /K 2 is to calculate it from Eq. 31, if
the values of r, QL' o0, and the frequency response of the detector circuit are known
(all of these values are measurable by standard methods).
5.2 BEAM-NOISE MEASUREMENT
For the noise measurement, the excited cavity must be detuned out of the resonant-
frequency range of the equipment so that it will not affect the beam noise at the frequency
of the measurement.
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a. Measurements of S
Az = Xq/2, L and 4c are obtained from the calibration, and the standing-wave
pattern is measured by moving the two cavities together along the beam. The absolute
value of S is determined by a shot-noise calibration (5, 6, 7).
b. Measurement of II
1. Az = q/4, La and a are set as they are obtained from the calibration, and
the standing-wave pattern is measured. It mean is then obtained.
2. z = Xq/4, Lb and b are set, and the value of Itb ean is obtained from the
measurement of the standing-wave pattern.
3. The value of Az/A 1 is calculated from
A2 K 2 ( 'tatmean (36)
tb mean
Since we know the standing-wave ratio p2 from the measurements of S., the value of II/S
can be obtained by using Eq. 23:
A2
1 A
1 l 1 _____ (37)
A1
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VI. RESULTS OF MEASUREMENTS
Measurements of S and II were performed on two different electron guns; one type
was a parallel-flow gun which had one cathode-electrode and one anode; the other type
was an RCA low-noise gun which had one beam-focusing electrode and three anodes.
The cathode diameter of both types of guns was 0. 040 inch. All experiments were per-
formed at approximately 3080 mc. The magnetic field applied to the electron beam was
approximately 420 gauss, and all partition current was below 0. 05 per cent, except for
some special cases. The pressure in the drift tube was 2 to 4 X 10 mm Hg.
6. 1 MEASURED RESULTS ON THE RCA LOW-NOISE GUNS
The electrode arrangement and the potential distribution of the RCA low-noise gun
are shown in Fig. 10. It consists of a beam-focusing section followed by two anodes of
plane-parallel anodes at voltages E 3
and E 4 . The beam-focusing section
E, E2 E3 E4
CATHODE consists of a cathode, a beam-
\ X H U ELECTRON BEAM
fi-g-- >-- - ER/ focusing electrode E 1 , and a first
\I ! m qanode EZ. This section may be con-
sidered as determining the noise
DRIFT REGION
parameters S and II. Since the
noise-smoothing section (E 3 and E4 )
can be considered as a lossless
transforming device, ideally, the
Fig. 10. Electrode arrangement and potential applied voltage on its anodes should
distribution of RCA low-noise gun. not affect the noise parameters (7).
The measurement was performed
on two RCA low-noise guns of the same type (guns No. 1 and 2).
a. Measured Results on RCA Gun No. 1.
1. Calibration of the selective beam coupler
As mentioned in Section V, the beam was excited with sine-wave signals at the reso-
nant frequency of the cavities, 3080 mc, and the signal standing-wave pattern along the
beam that was picked up by cavity 1 was measured. Figure 1 la shows the observed
standing wave. The standing-wave ratio was higher than 35 db. From the distance
between two successive deep minima, the plasma wavelength was determined as
24. 3 ± 0. 05 cm. The calculated value of the plasma wavelength (Vp = 500 v, I c = 250 pa,
and corrected for the finite beam diameter of 0. 040 inch) was 24. 6 cm. Figure 1 lb and
c shows the outputs, IItaI2 and IItb 2 , of the selective beam coupler at the resonant
frequency. The residual standing-wave ratios were 1.6 db for case a (Fig. llb), and
2.0 db for case b (Fig. llc). From the measured value of the attenuation, we obtained
the value of the equivalent series resistance of cavity 1 as r 0. 45. This value was
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theoretically calculated as 0. 465 from the independently measured value of R and from
the computed values of Y and M
Next, the coefficient K2/K 1 was determined with the external noise. Figure lid
and e shows 3 1Ital2 and Itb 12 From the mean values of these two standing waves,
K2/K 1 was determined as 0. 595. The theoretical value of K2 /K 1 computed from
Eq. A-7 was 0. 598.
2. Beam-noise measurements
The beam-noise measurements were performed under two different conditions,
one in the space-charge-limited region, and the other in the temperature-limited region.
a. Measurement in the space-charge-limited region. This measurement was
carried out two hours after activation. The cathode current was kept at 250 + 5 a at
the fixed voltages: E 1 = 0 v, E 2 = 20 v, and E4 = 500 v (see Fig. 10). Data were taken
with variable voltage applied on the second anode, E 3 = 50, 70, and 90 v. This condi-
tion was pointed on the two-third power curve (Fig. 12) and was verified as the space-
charge-limited region.
Figure 13a- 1, a-2, and a-3 shows the noise standing-wave patterns as picked up
by cavity 1. The average level of the noise-current standing wave in db below shot
noise, A, was determined by shot-noise calibration with a shutter rod (7). The value
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of S can be computed by using
V X
S -o e (38)
a X
q
where e is the electron charge, and a = 10 log 1 0 A.
Figure 13b- 1, b-Z, and b-3 shows the outputs of the beam selective coupler for
case a, ZIItaI 2 , and Fig. 13c-1, c-Z, and c-3 shows the outputs for case b, Z Itb I.
From the arithmetic mean value of these curves, Az/A 1 was obtained, since the coef-
ficient K 2 /K 1 had been calibrated.
However, it sometimes happened that the standing wave slightly increased
linearly with the distance between the cathode and the pickup cavities. To elimi-
nate the uncertainty in the determination of the mean value, the mean value at a
fixed reference point as near as possible to the cathode (1.75 inches from the last
anode) was taken. This was done, as shown in Appendix IV, by measuring the
slope of the standing-wave pattern, and by assuming an additional distributed noise
source along the beam.
The apparent values of A2 /A 1 that were obtained by this procedure included the
additional terms from the finite selectivity of the selective beam coupler caused by the
equivalent series resistance, r, of cavity 1, and the external thermal noise. The true
value of A2 /A 1 was computed by using Eq. A-8. The difference between the apparent
value and the true value was within 10 per cent.
From the measured standing-wave ratio, p, of the beam noise (Fig. 13a- 1, a-2,
and a-3) and the modified values of A 2 /A 1 , II/S was computed by using Eq. 37. Table II
shows the average standing-wave-ratio level of the standing wave below shot noise, S,
the apparent and true values of A2/A 1 , and II/S. Since the noise parameters S and II
must be constant for the variation of the applied voltage on the second anode at the fixed
voltage on the other anode, the mean values of S and [l are shown in Table II. Also,
the probable error in the S- and 1-measurements was computed, as shown in Section VII.
The probable values of S and II/S were determined as
S = 8. 81 X 10 1 + 8 per cent (watt-sec)
= 0.21 ± 0. 04
b. Measurement in the temperature-limited region. The noise measurements in
the temperature-limited region were performed by lowering the heater voltage and using
the applied voltage on the first anode (40 v) approximately 40 hours after activation
(see Fig. 12). The cathode current was almost the same, 250 ita, as in the measure-
ments in the space-charge-limited region. The standing wave and the outputs of the
selective coupler are shown in Fig. 14. Table III gives the measured results. The
probable values of S and II/S are:
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S = 1.22 X 10-20 ± 8 per cent (watt-sec)
= -0. 02 0. 04S
Note that fI/S was almost zero, as the simple theory predicted, and S increased approx-
imately 1.5 db, as compared with the value in the space-charge-limited region.
Next, we shall show a measure that was taken after the cathode started to die out,
80 hours after activation. Slightly positive voltage (+4 v) was applied to the beam-
focusing electrode E 1 (the partition current 5 a flowed into this electrode), and the
cathode current was the same, 250 pa. Figure 15 shows the noise standing wave and
the outputs of the selective beam coupler. The measured results are given in Table III.
The following values were obtained:
S = 1. 15 X 10 2 0 ± 8 per cent (watt-sec)
= -0. 10 ± 0.04S
It is interesting to note that 1/S went down to negative.
b. Measured Results on RCA Gun No. 2
1. Calibration of the selective beam coupler
The same calibration procedure was performed as before. The measured values
of the plasma wavelength of the cathode current, 270 a, the equivalent series resistance
of cavity 1, r, the coefficient K/K1, and their theoretical values are given in Table IV.
Figure 16 shows the outputs of the selective beam coupler with the external noise
excitation.
2. Beam-noise measurements
The noise measurements were performed in the space-charge-limited region and
in the temperature-limited region.
a. Measurement in the space-charge-limited region. The measurement was
made 50 hours after activation. The cathode current was kept to 260 5 pa at E 1 = 0,
E2 = 20 v, and E4 = 500 v, variable voltages of 50 v, 70 v, and 90 v being applied on E 3.
Figure 17 shows the noise standing wave and the outputs of the selective beam
coupler, Ita 2 and Itb |. The mean values of the outputs of the selective coupler,
coupsle ta d tb I?2
Z Ita Imean and Z I Itb I mean' were taken at the same reference point (1.75 inches from
the last anode). All summarized data are given in Table V. From the mean value of
these data, the probable noise parameters were determined as
S = 9.42 X 10 - 1 ± 8 per cent (watt-sec)
II= 0. 28 (0. 036)
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Another measurement was performed by changing the applied voltage on the beam-
focusing electrode E1; the cathode current was kept constant by adjusting the applied
voltage on the first anode. The measured curves are shown in Fig. 18. The sum-
marized results are given in Table VI. In this case we would expect the noise param-
eters to change, because the field distribution near the potential minimum changes in
accordance with the variation of the focusing electrode and first-anode voltage. The
measured results show that the value of II/S increased slightly with the decrease of the
applied voltage of the beam-focusing electrode E1 . In the case of E1 = +10 v, II/S went
down to negative and S increased approximately 2 db. Since the partition current
flowing to E1 was 6 ~pa (total cathode current, 265 pa), it is unknown whether the change
of field distribution or the partition current had the main effect on the change of noise
parameters.
b. Measurements in temperature-limited region. One series of measurements in the
temperature-limited region was performed immediately (within 2 hours) after activation.
The cathode current was kept at 265 ± 10 ,ia at E1 = 0, E2 = 40 v, E4 = 500 v with applied
variable voltages on E3 of 50 v, 70 v, and 90 v. (See Fig. 12.) The noise standing
wave and output of the selective beam coupler are shown in Fig. 19. The summarized
measured data are given in Table VII. From these data the probable value of the noise
parameters was
S = 1. 16 X 10 - 2 0 + 8 per cent (watt-sec)
S= -0.13 ±0.04
Note that I/S was definitely negative, and S was approximately 1 db higher than the
value taken 50 hours after activation in the space-charge-limited region. Another
measurement was performed 10 hours after activation. The cathode current was rela-
tively small (180 Bua) at E 1 = 0, E2 = 40 v, E3 = 70 v, and E4 = 500 v; this condition was
the temperature-limited region, as seen from Fig. 12. The measured curves and data
are given in Fig. 20 and in Table VIII. II/S was almost zero (0. 03 ± 0. 05).
6.2 MEASURED RESULTS ON THE PARALLEL-FLOW GUN
The parallel-flow gun had no noise-transforming section, but consisted only of a
triode section, cathode, cathode-electrode E1 , and anode E 2 .
a. Calibration of the Selective Coupler
The same calibration procedure was performed as in the measurements on the RCA
guns. The standing wave and the outputs of the selective coupler with the sine-wave
signal and external-noise excitation are illustrated in Fig. 21. The coefficient Kz/K 1
was determined as 0.708 at E1 = 0, E2 = 500 v, and Ic = 370 ha.
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Table VI. Noise Parameters with a Change in Voltage Applied
to the Beam-Focusing Electrode.
(All data were taken at I = 265 a, E3 = 70 v, and E 4 = 500 v.)
E = -3 v E = 0 E 1 = 5 v E = 10 v1 1 1
E2 = 27 v E 2 = 20 E 2 = 18 v E2 = 15 v
SWR (db) 3.0 2.2 3.0 5.6
(SW)av (db below -16.5 -16.9 -16.5 -14.8
shot noise)
S (watt-sec) 1.01 X 10 - 20 9.24 X 10 - 2 1 1.01 X 10 1.50 X 10 - Z 0
Measurement of S 8%
(A)Iap 0.501 0.539 0.550 1.35
(A-)tre 0.542 0.572 0.584 1.45
1 true
0.318 0.286 0.280 -0.221S
Probable Error in
Measurement of 12% 12.4% 12% 19%
Probable Value
of II 0.32 ± 0.04 0.29 ± 0.04 0.28 ± 0.03 -0.22 ± 0.04
S
Partition current flowing into E 1 was 6 a.
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Table VII. Measured Data on RCA Gun No. 2 in Temperature-Limited
Region, 2 Hours after Activation.
E SWR (db) (SW) (db below S (watt-sec)A ( l 
3 av shot noise) p true
50 v 3.5 -15.8 1.17 X 10- 20 1. 18 1.26 -0. 124
70 v 2.5 -16. 0 1.12 X 10-20 1.23 1.34 -0. 151
90 v 6.8 -15.5 1.25 X 10- 20 1.12 1. 18 -0. 108
Mean Value 1. 16 X 10 - 20 -0. 126
and + 8% + 20%
Maximum Deviation - 3.5% - 14%
Probable 8% 3Z%
Error
Table VIII. Measured Data on RCA Gun No. 2 in Temperature-Limited
Region, 10 hours after Activation.
SWR (db) 6. 4
(SW)av (db below -13
shot noise)
S(watt-sec) 1.89 X 10 - 20
0.925
(Aap
(Al)true 0.953
0. 03S
Probable Error in
Measurement of 153%S
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Table IX. Measured Data on Parallel-Flow Gun.
Table X. H for Several Assumed Standing-Wave Ratios.
SWR (db) Space-Charge- Temperature-
Limited Region Limited Region
13 0.26
15 0. 37 0.05
20 0.56 0.08
35
Space-Charge- Temperature-
Limited Region Limited Region
Ip = 360a Ip = 2 6 0 a
SWR (db) 12.8 14.5
(SW) (db below -14.8 -14. 9
shot noise)
S(watt-sec) 175 X 10 - 20 1.40 X 10 2 0
-(AA)ap 0.778 0.940
A~
-(t)true 0.798 0.970
0.258 0.04
Probable Error in
Measurement of 24% 190%S
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b. Beam-Noise Measurements
Two measurements were performed: one in the space-charge-limited region, and
the other in the temperature-limited region (see Fig. 12). The measured curves and
summarized data are given in Fig. 22 and in Table IX. Mean values of the outputs of
the selective coupler, t mean and tb mean' were taken at a fixed reference
point (1. 500 inches from the anode) by the same procedure as with the RCA guns. From
Table X, probable values of II/S were determined as
= 0.26 0.06 for space-charge-limited regionS
= 0. 04 0.08 for temperature-limited regionS
Note, however, that the measured noise standing-wave ratio was very high compared
with that of the RCA low-noise gun. In these cases small amounts of higher-order
modes, or additional noise, might have a serious effect on the standing-wave ratio. It
can be assumed that the true standing-wave ratio for the fundamental mode was much
greater than the measured value. In other words, the real standing-wave ratio could
not be determined in this measurement. Therefore the S and I/S measured here might
undergo a serious change, but the value of A2 /A 1 would not be seriously affected by the
existence of the higher-order mode or by additional noise (see Section V). The values
of II/S for various assumed standing-wave ratios are given in Table X. S will decrease
with an increase in the standing-wave ratio.
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VII. ERRORS IN MEASUREMENTS
7. 1 ERROR IN THE MEASUREMENT OF II/S
We shall consider, first, the error in the measurement of II/S, since this error is
given by
6S) P - P A1 6A(s =2 P 2 /ABy\ ( 2(39)
where 6 denotes deviation. The causes of this error fall into two groups: the error
caused by the error in the measurement of p, p, and the error caused by the error
in the measurement of A 2 /A 1 , 6A .
a. Error from p (Standing-Wave Ratio)
The measurement of the standing-wave ratio, p, is carried out with essentially the
same methods that have been previously described (5, 6, 7). Since the experimental
error of p is usually within 0. 4 db, the first term in Eq. 39 amounts to 5 per cent, even
in the worst case (infinite standing-wave ratio).
b. Error from AZ)
The error in the measurement of Az/A 1 is much more complicated and can be clas-
sified as follows:
1. Error from maladjustment in the selective beam coupler. When the selective
beam coupler is not properly adjusted, and therefore has imperfect selectivity at the
resonant frequency of the two pickup cavities, some error will be introduced into the
measurement of Az/A 1 . These maladjustments may be caused by inserting an improper
attenuation value (let the attenuation value be L' = 1 ± r + A, A being the deviation
from the proper value), by taking an improper phase-shift value (let 6 be the deviation
from the proper value in radians), and by the deviation of the distance between the two
cavities from 1/4 X .
Let us take account of the first and second causes of errors. After some mathemati-
cal manipulations, their effect upon the selectivity can be expressed as follows: for case
a, the coefficient of the unwanted term A is given by
r_____ + (l-r) 6Z 2ra - r(2 - 3r)64+ (40)8(1+a) + 4 + 8 (l+a)
2
rinstead of by ,8() in Eq. A-5. For case b, the coefficient of the unwanted term A Z
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is given by
r2 + 2 + (l+r)2 2 ZrA - r(2 + 3r) (418 (l+a) + 4 8(l+)(41)
2
instead of by 8(l+a) in Eq. A-6.
The values of A and 6 can be determined experimentally when the system is cali-
brated. The beam is then excited by a signal at the resonant frequency of the pickup
cavities. The pickup cavities (Xq/4 separated) are moved together along the beam and
the standing-wave ratio of the output from the Magic Tee is observed. Let a, the
standing-wave ratio, be
2 + (AZ + (r6)21/ Z
a (42)
2 - (A2 + (Tr)6Z)/ 1/
where the minus sign with r is for Eq. 40, and the plus sign is for Eq. 41. For the
case of r = 0. 5, a = 1, and a = 2 db, the error in the measurement of Az/A 1 is not
greater than 2 per cent in both cases. Since, in our measurements, the residual
standing-wave ratio a was usually between 1.3 db and 2. 0 db, the error introduced by
this can be considered less than 2 per cent.
The third cause of error, the deviation of the distance between the two cavities
from 1/4 plasma wavelength, has the same effect on the measurement of Az/A 1 as
the improper phase-shift adjustment. Usually, since the plasma wavelength X canq
be measured with an accuracy of 0. 5 mm, this cause of error is negligibly small
compared with the other two.
Next, we consider the error caused by the variation of the beam current. During
the measurement, after the selective beam coupler is properly adjusted, the beam
current might change at the fixed-anode voltage. This change in the beam current
causes a change in the plasma wavelength kq and in the characteristic impedance of
the beam. The former effect is the same as the deviation of the distance between the
two cavities from the 1/4 plasma wavelength, and the latter effect causes a change in
the equivalent series resistance r of the first cavity. We can estimate these errors by
formulas 40 and 41. We found that they are negligibly small for a 10 per cent variation
in the beam current.
2. Error caused by calibration with imperfect white noise. When the coefficient
of K1 /K Z is calibrated with a noise which is not perfect white noise, but has some
finite bandwidth, an error might be introduced in the measurement of A 2 /A 1 .
Assuming that the bandwidth of the receiver is nearly equal to the bandwidth of
the pickup cavities (which is the case with our measuring equipment), and the
ratio of the bandwidth of the cavities to the bandwidth of the calibrating noise is
y, then the value of K 1 /K Z is given by
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1 +3y
1 - r
K1
4 (1+y)(1+Zy)
~~~~K'Z ~~~ I=~~~~~ + 3-y (43)Kz1 + 31
4(l+y)(1+Zy)
If the noise is perfectly white, the value of K 1 /K 2 is given by setting y = 0 in Eq. 43
K1 1 -
- 4 (44)K z I r
2_ 1 +4
For the cases y = 0. 75 (the noise bandwidth is 8 mc, the cavity bandwidths, 6 mc),
and r = 0. 5, the error is approximately 4 per cent.
3. Error from higher-order modes of the beam. The electron beam generally
consists not only of the fundamental mode, but also of higher-order modes with small
amplitudes, which thus far we have neglected. The noise parameters S and II are
defined under the assumption that only the fundamental mode plays the effective role in
the noise figure of the beam. Such an assumption is usually valid because of the presence
of small amplitudes from higher-order modes, and the weaker coupling to the rf struc-
ture of the beam tubes. Now, we want to investigate the error in the measurement of
Az/A 1 that arises from higher-order modes, and verify the fact that such a small
amplitude from higher-order modes does not seriously affect the measured value of II/S.
To make the problem simple, we assume that only one higher-order mode exists
and the equivalent series resistance of the first cavity r for this mode is small enough
to be neglected. Although the effect of the higher-order mode on the outputs of the
selective coupler depends upon the phase relation between the fundamental and higher-
order modes, the following equation can be obtained in the limiting case (the worst case
of the phase relation).
Z ita ean 1K + + AYa (45)
ZI lean b + Yb + Y b cos 
whe re
Xa 8 (1+a ) 8(1+ ,a) 8(1+a)
X r A + I + + A
x
a =
1P-z(l)A +s Q A +,1 s
ay - PQ(I+r )A1 2
P = 1- sn 8)2+ os
2
n Q =,( + sin 8)2 + cos
2
o
qZ 2' 
A b " -[ZPQI r)DA 
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and all primes indicate the parameters for the higher-order modes. Since in Eq. 45
Ya, Yb' AYa, and AY b become zero when the higher-order mode can be neglected, the
effect of the higher-order mode on the measurement of Az/A 1 can be calculated from
this equation. As a numerical example, if we assume that A = A' = A', (the
higher-order mode is not correlated and has a pure standing wave), and the higher-order
mode is approximately 10 db less than the fundamental mode, including the coupling
between the beam and cavity ( 2 A/A 1 = 0. 1), and Xq/X = 0.56, r = 0.5, then the
error can be calculated as 3 per cent for the case A 2 /A 1 = 0. 6, and 9 per cent
for the case A 2 /A 1 = 1.0 (no correlation).
I 'ta I mean4. Error in the Measurement of ea . Since the calibration of the coef-
EZ Itb mean
ficient K1/K z is done with the high-level signal and white noise of an amplitude that is
sufficiently larger than the beam and thermal noises, the error arising from the fluctua-
tions of the receiver and radiometer is negligibly small. But some error will be intro-
duced by these factors in the measurement of the beam noise. With our system properly
adjusted, an error of this kind in the measurement of Z[Ita zmean/Z Itb I wasIta mean tb Imean
estimated as approximately 5 per cent.
However, we have to consider another source of error in the noise measurement.
Sometimes, the outputs of the selective beam coupler increase linearly with the distance
between the cathode and pickup cavities. We are not sure of the real reason for this at
this stage; it may be attributable to the additional noise caused by the collision between
electrons and gas molecules. The linearly increasing output of the selective beam
coupler makes it difficult to determine exactly the mean value, Z ita 2 ormean
Z Itb Iean' To eliminate uncertainty in the determination of the mean value, we
measured two successive maxima and one minimum, or two successive minima and one
maximum of the linearly increasing standing-wave pattern. From these data, we
defined the ratio of Ita mean at the nearest point to the cathode.
ZI Itb mean
Appendix IV.)
From the aforementioned calculations of the error, we computed the probable error
in the measurement of Az/A 1 , and estimated it at from 7 to 10 per cent (depending
upon the value of A2 /A 1 to be measured, and on other parameters) in almost all of our
measurements. The coefficient of the second term of Eq. 39, however, is seriously
affected by the value of A 2 /A 1; and it might be very large, especially where A/A 1
approaches 1. In the other words, the percentage of error of II/S at the small corre-
lation (II-0) will be largely affected by the error in the measurement of A 2 /A 1. The
estimated error for each measurement will be found in Tables II, III, V, VI, VII, VIII,
and IX.
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7.2 ERROR IN THE MEASUREMENT OF S
The error in the measurement of S consists of the error in the measurement of the
beam-noise standing-wave ratio, p, and the error in the shot-noise calibration. Since
the former is estimated at 4 per cent, and the latter at 6 per cent, the total probable
error in the measurement of S is approximately 8 per cent.
42
VIII. CONCLUSION
We have described the measuring method of the noise parameters S and [I, by using
a selective beam coupler, and the measured results of the two types of electron gun, the
RCA low-noise gun and the parallel-flow gun. From the results the following conclusions
can be drawn:
1. This measuring method can make it possible to measure the ratio of II/S inde-
pendently of S, and to improve the accuracy in I/S-measurement, because no error is
introduced in the S-measurement. This advantage is, also, very important, especially
when it is desirable to measure the change of the noise parameters with the variation of
other parameters.
2. Measured value of II/S was of the order of 0. 2 0. 35 in the space-charge-limited
region, and almost zero in the temperature-limited region.
3. Il/S was slightly negative, of the order of -0. 10 immediately after activation.
4. The measured values 2 and 3 agreed qualitatively with the results obtained by
an independent method. 7, 8
5. Although several measurements were made with changes in the electric-field
distribution near the potential minimum, appreciable results could not be obtained.
Further investigation is called for.
6. The errors in measurements of S and II/S were discussed by taking account of
the residual selectivity of the coupler, the effect of the pickup cavities upon the beam,
the thermal noise from these cavities, and the higher-order modes. The error in the
measurement of S was approximately 8 per cent, and that in the measurement of II/S
was approximately 0. 04 in the absolute value of II/S.
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APPENDIX I
GENERALIZED EQUATIONS
We shall treat the general case of two nonidentical cavities and a detector circuit of
finite bandwidth. The same notations as those given in the body of the report are used,
except for the suffixes attached to the parameters. Suffixes 1 and 2 indicate the param-
eters of cavities 1 and 2.
The output currents Ita and Itb for cases a and b are given as (see Fig. 4):
Jta a a qZ 1
ta =o 2a a
G Ll 1GLZLa (Gt 1 + jx 1 M G )
La (kl) 1 + jxl 2(Gt2 
1 +1r~'~2 - i +_~ 1 )j +a 2 j qZ I
1 + jx 2 1 + jx 1 j 
1 + (+ e)
1 + j 2 1 + jX 1
GL 2
M2 Gt2
Lla - (l-r) L PAz = /Z, a = /2/ + e Aza M1 GL1 2a'a e
Gt 
/ Le -j b a jPqz1
X LGL1
[M1 Lb\t G 
1
1 + jx1
M 2 GL2 1 1
M2 G 1 + jx 2
1 +jx M 2 (GL2 1
1 + j1 G
(1 1 jXl) ]
( -1 + jX
-j PqZ1+ a 2 e
e} ie
GL 2
M2 Gt2 
lb M1 G L (1+r) Lab. Az = Tr/2, Lb = -Tr/2 + PeA
Gt2
If we assume that F(w) is the frequency response of the receiving equipment, the inte-
grated square currents Ita 2 and Z Itb J2 over the frequency range of the
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X M
X M
for
and
Itb =/'
(A-l)
for
measurements are
E Ita = -- IF(w) IaI2 dw
(A-2)
E l =fJ jIF(w) Itb I dw
A special case of these equations is treated in Appendix III.
In the measurement of S, the following equations are obtained for 3qAZ = Tr and
Cc = r + eAz .
e C _L 1 1 + _ ____I 2_Y e c M L IIe + I I~-Itc =c M1 cGt . 1 + jX1 2\Gtz/1 + jx 2
aX  e + a e q1} ePe1
(A-3)
2
Itc2 = f F(w) I = Y M1 Lc ( G ) 1 + jx Gt2 1 + jx 2I lite ~-~t2 Ji-I· 1 + Z jx
Xlal + I a Z2 +2 a a I cos(Z 1 - 3)
Note that the frequency dependences of the cavity impedances and of the detector band-
width do not affect the standing-wave measurements.
APPENDIX II
EFFECT OF THE DIFFERENCE BETWEEN THE
Q-VALUES OF THE TWO CAVITIES
We shall investigate the effect upon the final results of the difference between the
loaded Q's of the two pickup cavities. For ease in calculation, it is assumed that the
resonant frequencies of both cavities are identical, ol = o2' This assumption facili-
tates practical operation, since it is easy to adjust the resonant frequencies of both
cavities, but it is not as easy to adjust their Q's.
Setting x2 = x1 , in place of Eq. 31, from the generalized equation (A-1), we obtain
directly
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where p = 1 - + pr, and q = 1 - p - pr.
APPENDIX III
EFFECT OF THE FREQUENCY RESPONSE
OF THE RECEIVING RADIOMETER
We shall discuss the effect of the frequency response of the receiving equipment. It
is assumed that x1 = x2 (=x) and that the frequency response
F
is 2 2 Then, from Eqs. A-1 and A-2, we obtain
l+a x
of the receiving equipment
Z IIt a mean
32rr (M2 L 2a )
2(k:) F r AYo 1 + a 8(+a) A1
2(1+a) + 8(1+a) A - (
- [Jr
''1 l
8(1+a)
-3 2a + 1
2 ) a+l 
A1 + A -(1 r)
(a+l) 1
2a + 1
(lr + r2
2(1+a) 8(1+a)
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L 2b Z where (L ) is equal to in actual measurement. From these equations, instead
2aj (l+r)
of from Eq. 32, the compensation factor caused by the finite selectivity of the selective
beam coupler and the external thermal noise can be written
2
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8(+a) A 1
2 A2
- r r
2(l+a) 8(l+a) (a+l) (1
r+ r28 )
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APPENDIX IV
EFFECT OF THE ADDITIONAL DISTRIBUTED NOISE
Sometimes we observed that the noise standing-wave pattern increased linearly with
the distance between the cathode and the pickup cavities. In this case, we have to
determine the actual standing-wave ratio and the mean value of the beam noise at any
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Fig. 23. Linearly growing "standing-wave pattern."
reference point. Although we do not know the reason for this increase in the beam
noise, these values can be estimated by the assumption of an additional velocity fluctua-
tion that is uniformly distributed along the beam. If we let the mean-square velocity
fluctuation per unit length be v, the two outputs of the selective beam coupler that
correspond to Eq. 22 can be given as
X Ita =
I Itb Z =
C1 { (A + A2PqZI) + 1 + (A + A12 Z)
+2 (1 +-2)) A( + A 2 cos(2qqZ 1 + ) 2
C (1 2PZl)+ (A + A 12q 
+ ( + A cos(2qZ + +') + A
+~ Iq I }
~AZ 0-cosZP Z+ ·) A
-2Yv
whe 64° and Z is the position of the first-cavity gap from the reference
point. These equations show that the beam noise increases linearly with Z 1 because
of the additional noise parameter A'.
In our measurements we could obtain two successive maxima and one minimum of
the standing-wave pattern (Fig. 23a), or two successive minima and one maximum
(Fig. 23b). Then the mean value at the reference point (Z = 0 of Fig. 23) can be calcu-
lated from the formula
a+ 1 1 X the value at the minimum point (2) for the 1
2 1 + a(p-l) case of Fig. 23a.
2 + a(3-3)
a + 1 1 Xthe value at the minimum point (1) for the
2 1 + a(P-l) X case of Fig. 23b.
2 + a(3-p)
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(A-9)
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 _ _ __
where a(>l) is the ratio of two successive maxima or one minimum, and is the ratio
of the first maximum to the first minimum. If necessary, we can calculate the actual
mean value of the beam noise at any point from the values of a and .
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